We propose a new alternative to the Weakly Interacting Massive Particle (WIMP) paradigm for dark matter. Rather than being determined by thermal freeze-out, the dark matter abundance in this scenario is set by dark matter decay, which is allowed for a limited amount of time just before the electroweak phase transition. More specifically, we consider fermionic singlet dark matter particles coupled weakly to a scalar mediator S3 and to auxiliary dark sector fields, charged under the Standard Model gauge groups. Dark matter freezes out while still relativistic, so its abundance is initially very large. As the Universe cools down, the scalar mediator develops a vacuum expectation value (vev), which breaks the symmetry that stabilises dark matter. This allows dark matter to mix with charged fermions and decay. During this epoch, the dark matter abundance is reduced to give the value observed today. Later, the SM Higgs field also develops a vev, which feeds back into the S3 potential and restores the dark sector symmetry. In a concrete model we show that this "vev flip-flop" scenario is phenomenologically successful in the most interesting regions of its parameter space. We also comment on detection prospects at the LHC and elsewhere.
The WIMP (Weakly Interacting Massive Particle) paradigm in dark matter physics states that dark matter (DM) particles should have non-negligible couplings to Standard Model (SM) particles. Their abundance today would then be determined by their abundance at freeze-out, the time when the temperature of the Universe dropped to the level where interactions producing and annihilating DM particles become inefficient. In many models these interactions should still be observable today, through residual DM annihilation in galaxies and galaxy clusters, through scattering of DM particles on atomic nuclei, or through DM production at colliders. The conspicuous absence of any convincing signals [1] [2] [3] [4] [5] [6] [7] to date motivates us to look for alternatives to the WIMP paradigm.
In this letter, we present a scenario in which the DM abundance is set not by annihilation, but by decay. We focus on models in which fermionic DM particles couple to a new scalar species and argue that the resulting scalar potential may undergo multiple phase transitions, "flip-flopping" between phases in which the symmetry stabilising the DM is intact and a phase where it is broken. Similar behaviour is found in models of electroweak baryogenesis [8] [9] [10] [11] [12] [13] [14] , see also [15] for related work. During the broken phase, the initially overabundant DM particles are depleted until their relic density reaches the value observed today. Although the resulting picture of early freeze out, followed by a period of DM decay around the weak scale, is quite generic, we focus here on a concrete example and comment on possible generalisations in the end.
Model Framework.-We introduce a complex dark sector scalar S 3 that is a triplet under the SM SU (2) L gauge symmetry and carries zero hypercharge. We take the DM particle to be a multi-TeV Dirac fermion χ, uncharged Field Spin SM Z 3 mass scale χ 1 2 (1, 1, 0)
χ → e 2πi/3 χ TeV S 3 0 (1, 3, 0) S 3 → e 2πi/3 S 3 100 GeV Ψ 3 (1, 3, 0) Ψ 3 → e −2πi/3 Ψ 3 TeV Table I . New particles in our toy model, with their mass scales and charge assignments under the SM gauge group SU (3)c × SU (2)L × U (1)Y and under the dark sector Z3 symmetry.
under the SM gauge group. To offer the DM particle a decay mode, we also introduce two multi-TeV Dirac fermion triplets Ψ 3 = (ψ + , ψ 0 , ψ − ) and Ψ 3 = (ψ + , ψ 0 , ψ − ). All new particles are charged under a symmetry that stabilises the dark sector and is taken here as a Z 3 , which could be a remnant of a dark sector gauge symmetry broken at a scale TeV. The dark sector particle content is summarised in table I.
The tree level scalar potential and the relevant Yukawa terms in the Lagrangian of the model are
It is characterised by µ S ∼ O(100 GeV) and positive quartic couplings λ S , λ 3 ∼ O(1). We will use the convention that only the electrically neutral, CP even components h and s of H and S 3 acquire vevs. The third line of eq. (1) contains the Higgs portal terms with couplings α and β. The symmetries of the model are designed to allow new Yukawa couplings involving S 3 , χ, Ψ 3 and Ψ 3 with small coupling constants y χ , y χ . When s = 0, these couplings will lead to mixing between χ, Ψ 3 and Ψ 3 and thus to DM decay via χ → W Ψ 3 , χ → W Ψ 3 . The masses m χ , m Ψ , m Ψ of the new fermions are assumed to be such that the decay channels χ → S 3 Ψ 3 , χ → S 3 Ψ 3 are forbidden today. If these decay channels were open, the DM candidates would be ψ 0 , ψ 0 and S instead of χ, and their abundance would be determined by a regular thermal freeze-out. DM decays to SΨ 3 and SΨ 3 may still be open at early times as the masses of S 3 , Ψ 3 , and Ψ 3 are T -dependent. In particular, when s = 0, the coupling y Ψ ∼ O(1) in the last line of eq. (2) leads to mass shifts for ψ ± and ψ ± . The same term also allows Ψ 3 and Ψ 3 to annihilate efficiently into SM particles.
1
We assume that the parameters of the scalar potential are chosen such that, at zero temperature, the SM Higgs field has its usual vev h ≡ v = 246 GeV, while s = 0. Thus, the electroweak symmetry is broken at temperature T = 0, while the Z 3 symmetry that stabilises DM is unbroken. The tree level masses of the physical Higgs boson h and of s today are given by m The Vev Flip-Flop.-To determine the evolution of the system given by eq. (2) in the hot early Universe, we consider the effective potential V eff . In addition to V tree , the effective potential includes the T -independent oneloop Coleman-Weinberg contributions [16] , the one-loop T -dependent corrections [17] , and the resummed higherorder "daisy" contributions [18] [19] [20] [21] , see appendix A for details. We include the dominant contributions to these higher order terms from t, B µ , Z µ , W µ , H and S 3 . The Coleman-Weinberg contribution introduces a renormalisation scale, which we set equal to the SM Higgs vev. Note that at high temperature µ 2 S receives negative corrections from the one-loop T dependent term, and positive corrections from the "daisy" terms. This means that at high T , the Z 3 symmetry may be broken or unbroken, depending on which contribution dominates. The SM Higgs vev is always zero at high T for the experimentally determined values of µ 2 H and λ H . We illustrate the main features of the flip-flopping vevs mechanism in fig. 1 for a specific choice of Lagrangian 1 It is this requirement that prompted us to introduce two fields Ψ 3 and Ψ 3 . If one of them was omitted, efficient annihilation could not occur because a term of the form ijk S i 3 Ψ 3 Ψ c 3 vanishes. 
parameters. At high T (top left panel), V
eff is symmetric in both s and h. As the Universe cools the T -dependent corrections to the S 3 mass term become subdominant and, since µ 2 S is positive, S 3 develops a non-zero vev at T = T S , fig. 1 (top right). Now the Z 3 symmetry that stabilises the dark sector is broken, and DM can decay via χ → W Ψ 3 and χ → W Ψ 3 . Note that, during this epoch, SU (2) L is also broken and W µ obtains a mass m W = g s , where g is the SM weak gauge coupling. Thanks to the mass shift in ψ ± and ψ ± , the decay modes χ → SΨ 3 and χ → SΨ 3 may also be open.
As the temperature continues to drop T -dependent corrections to µ H become subdominant and V eff develops new minima at non-zero h . The extra contribution of this vev to the S † 3 S 3 term through the Higgs portal makes the effective µ 2 S negative and so s = 0 is restored at the new minima. At first, the minima at h = 0 are only local minima, but as the temperature drops they become global minima. Typically there is a barrier between the s = 0 and the h = 0 minima, so that the phase transition between the two is first order. For the transition to take place, the formation and growth of bubbles of the new phase has to be energetically favourable [22] , which happens at T = T n , some time after the h = 0 minima become the global ones. In other words, the Universe is in a supercooled state for some time. To calculate the nucleation temperatures T S and T n we used the publicly available CosmoTransitions package [23] [24] [25] [26] . Note that since the effective potential is gauge dependent away from the minima, the calculated T n may have a residual gauge dependence, see e.g. [27] . As is usual in the baryogene-sis literature, we neglect this effect. For our illustrative parameter point, the effective potential at T n is shown in the bottom left panel of fig. 1 . At this point the Z 3 symmetry is restored and χ stabilises.
The transition from a phase with unbroken Z 3 and SU (2) L at very high T to the broken phase at intermediate T , and back to an unbroken phase at the electroweak phase transition is what we call the vev flip-flop. As we approach the present day, T ∼ 0, the h = 0 minima deepen, and the Universe remains in the phase with broken electroweak symmetry and stable DM, fig. 1 (bottom right).
Dark Matter Abundance.-One of the salient features of the Lagrangian in eq. (2) is that interactions between χ and the SM always involve the Yukawa couplings y χ , y χ . There is no a priori constraint on the magnitude of these couplings. We focus here on the region of small y χ , y χ 10 −7 , where χ never comes into thermal equilibrium with the SM through the interactions in eq. (2). We thus imagine that a thermal abundance of DM is produced during reheating after inflation or by other new interactions at scales far above the electroweak scale. χ freezes out when these interactions decouple, at a temperature T fo m χ . Its abundance at freeze-out is then several orders of magnitude larger than the value observed today, and is independent of m χ , y χ , and y χ . After freeze-out, the DM number density tracks the entropy density until S 3 develops a vev thanks to the flipflopping vevs and χ begins to decay. Recall that during that epoch, S 3 , Ψ 3 , and Ψ 3 are still in the thermal bath, so processes with these particles in the final state are as good at depleting χ as processes with only SM particles in the final state would be.
Note that inverse decays like W Ψ 3 → χ are negligible in the parameter space of interest to us as χ is sufficiently heavy that its abundance is at all times larger than the equilibrium abundance. This would be different at larger values of y χ , y χ , where the interplay of decays and inverse decays would keep χ in thermal equilibrium until either a conventional thermal freeze-out happens or the electroweak phase transition switches off mixing between χ and Ψ 3 , Ψ 3 . However, in the parameter region featuring a vev flip-flop, it turns out that neither of these mechanisms can yield the correct DM relic density.
Some time after the Z 3 symmetry is restored, the annihilation processes that keep S 3 , Ψ 3 , and Ψ 3 in thermal equilibrium freeze-out, leaving behind a small, subdominant, relic abundance of S 3 , Ψ 3 , and Ψ 3 . It is crucial in this context that the electrically neutral components of these fields must be lighter than the charged components today to avoid stable charged relics in the Universe. Radiative electroweak corrections indeed lead to a mass splitting of O(100 MeV) [28] . For S 3 , we have to make the additional assumption that β 0.001 to avoid a tree Figure 2 . The vev flip-flop: at very high temperatures, both the SM Higgs field vev h (solid blue) and the dark sector scalar vev s (solid red) are zero. As the temperature drops there is a phase transition at TS and S3 develops a nonzero vev, breaking the dark sector Z3 symmetry and making the DM unstable. We plot in solid purple the evolution of the effective present day relic density, obtained from the instantaneous DM number density scaled by the subsequent expansion of the Universe. At a lower temperature Tn, there is a second phase transition where h develops a vev and the feedback of this vev into the dark sector via the Higgs portal restores the Z3 symmetry, halting the DM decay when the observed relic density is reached. The DM equilibrium density (dotted purple), observed relic density (dashed purple), SM Higgs mass m h (dotted green), and s mass ms (dotted orange) are also given.
level mass splitting that would shift s fig. 2 we show the evolution of the scalar vevs, the scalar masses and the effective present day DM relic density as the Universe cools, for an illustrative benchmark point with m χ = 5 TeV m Ψ = m Ψ = 5.01 TeV, and y χ = y χ = 7.35 × 10 −9 .
2 The parameters of the scalar potential are the same as in fig. 1 . At the left edge of the plot, at T = 1 TeV, both scalar fields are without vevs, and the χ relic density is around eleven orders of magnitude too large. When the temperature reaches T S ∼ 385 GeV the Universe transitions (via a first order phase transition) to a phase where s = 0. At this point χ begins to decay. Most χ decays happen at temperatures just above the electroweak phase transition as the temperature drops more slowly at later times. At T ∼ 152 GeV the s = 0, h = 0 phase becomes the global minimum, but as there is a barrier in the potential the Universe does not immediately transition to this phase; there is a short period of supercooling until 2 Note that such extreme tuning between mχ and m Ψ , m Ψ is not necessary. The desired phenomenology is achieved as long as |m
the Universe nucleates to the s = 0, h = 0 phase at T n ∼ 143 GeV with another first order phase transition. At this point the Z 3 symmetry is restored and DM decays are no longer possible. Figure 2 also illustrates that the DM abundance today depends sensitively on the precise value of T n and thus on the parameters of the model. This scenario therefore does not solve the coincidence problem between the observed baryon and DM abundances. On the other hand, if this model is realised in nature, its parameters could be inferred with high precision from cosmological measurements.
In computing the χ abundance today, we take into account the momentum dependence of the decay rate. At freeze-out, χ had a Fermi-Dirac distribution, but because of relativistic time dilation, the low-momentum modes decay faster than the high-momentum ones, which leads to a skewed distribution at lower temperatures. Details on our calculation of the DM relic abundance are given in appendix C.
Parameter Space.-We now depart from the particular parameter point considered in figs. 1 and 2 and consider a wider range of parameter space in fig. 3 , which shows the m s -α plane. Here, m s refers to the tree level s mass at T = 0. Note that for α 5 the perturbative expansion may no longer be reliable [14, 31] , but for the α values shown in fig. 3 there is no problem.
We highlight the region where the observed relic density can be obtained from the vev flip-flop, with the blue colour-code indicating the requisite value of y χ = y χ . We see that this is usually possible provided the vev flip-flop occurs at all (pixelated area in fig. 3 ). At parameter points shown in grey, the Ψ 3 , Ψ 3 annihilation rate at the nucleation temperature
3/2 exp(−m Ψ /T n ) is lower than the Hubble rate ∼ T 2 n /M Pl , implying that the depletion of dark sector particles is halted by Ψ 3 , Ψ 3 rather than the electroweak phase transition. This can change if the DM mass is lower, y Ψ is larger, or extra annihilation modes for Ψ 3 and Ψ 3 are introduced. Points with too high T n (shown in pink), could be rescued by increasing m χ .
Below the black line in fig. 3 , µ 2 S is negative at tree level, so the Z 3 symmetry is never broken at tree-level. Above the red line, µ 2 S > 0 is so large at tree level that the Universe never leaves the s = 0, h = 0 phase. By comparing with the edge of the pixelated region, where the vev flip-flop occurs, we see that these tree level estimates are only rough approximations to the full one-loop T dependent behaviour. Above the dashed green line, our model is in the phase with broken Z 3 and SU (2) L symmetries in the T → ∞ limit. In this regime, the positive daisy corrections to µ 2 S are larger than the negative one-loop corrections in the high-T limit. In principle, χ decays are then sensitive to higher scale physics, but since most decays still Figure 3 . The value of yχ = y χ required to obtain the correct relic density Ωh 2 [30] for DM mass mχ = 5 TeV and mΨ = m Ψ = 5.01 TeV. For points plotted in grey, the vev flip-flop occurs but DM depletion is halted by freeze-out of Ψ3 and Ψ 3 rather than the electroweak phase transition. At points shown in pink the equilibrium abundance of χ is still too high at Tn, and as inverse decays ensure that the DM density can never drop below its equilibrium value, this implies DM overproduction. Outside the pixelated region, the vev flipflop does not occur. The red and black lines give tree level estimates for the boundaries of this region. Above the dotted orange line, the decay rate for h → γγ is lower than the SM prediction by more than 30%. Above the dashed green line the Z3 symmetry is broken in the high T limit.
happen just above the electroweak phase transition, our calculations, which begin at T = 1 TeV, remain valid.
Constraints and Future Tests.-The flip-flopping vevs model presented here is mainly constrained by collider searches as direct and indirect detection of χ are hindered by the smallness of y χ , y χ . For direct and indirect searches, the subdominant population of S 3 , Ψ 3 , Ψ 3 offers the best detection prospects.
At the LHC or a possible future collider, the most promising direct discovery channel is Drell-Yan production of s ± pairs through their electromagnetic interactions, followed by the decay s ± → s + W * ± . Due to the small mass splitting between the charged and neutral components of the triplets, these decays will typically be too soft to be observed directly, so that the sensitivity to the model will come mainly from mono-X searches. At present, these searches still fall several orders of magnitude short of probing the interesting region of parameter space [29] . For very small mass splittings < m π ∼ 140 MeV, charged track searches could be sensitive [37] [38] [39] , but reducing the mass splitting this far would require tuning between a small non-zero value of the coupling constant β and electroweak radiative corrections. Perhaps the most promising probe of our vev flip-flop model at the LHC is the precision measurement of the h → γγ rate. Indeed, as shown in fig. 3 , sizeable deviations from the SM rate for this decay are predicted. In fact, the present limit would already appear to be in some tension with our model at the 2σ level [40, 41] due to an event excess in the 7+8 TeV data from ATLAS and CMS. This statement is, however, put into perspective when taking into account that at √ s = 13 TeV, both experiments have observed an event deficit [42, 43] .
Summary.-We have presented a novel mechanism for generating the observed relic abundance of electroweak scale DM utilising a temporary period of dark matter decay at the weak scale. In this scenario, the DM abundance today is governed by the dynamics of the scalar potential. We have demonstrated the mechanism in a simple Higgs portal model, focusing on a region of parameter space where dark matter freezes out while relativistic.
The initial overabundance is depleted after the Z 3 symmetry that stabilises dark matter is spontaneously broken and DM decays. At a later point the Universe undergoes a first order phase transition that restores the dark sector Z 3 symmetry and breaks SU (2) L × U (1) Y . Finally, we have outlined avenues for testing this scenario at colliders.
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The charged scalars, in the basis (s + , s − , G + ), have the mass matrix
The field dependent masses of the remaining fields are
Here, y t is the top quark Yukawa coupling and g and g are the SM SU (2) L and U (1) Y coupling constants, respectively.
The T -independent Coleman-Weinberg contribution is [16, 19] 
where the sum is over the eigenvalues of the mass matrices of {h, G 0 , G + , s, a, s + , s − , W, Z, t} and n h = n s = n a = n G 0 = 1, n G + = n s ± = 2, n Z = 3, n W = 6 and n t = −12 accounts for their degrees of freedom. We take the renormalisation scale Λ to be the SM Higgs vev v = 246 GeV. In the dimensional regularisation scheme C i = 5/6 (3/2) for gauge bosons (scalars and fermions). We also add counterterms to ensure that v = µ H / √ λ H and m h = √ 2µ H at T = 0. The one-loop finite temperature correction is [17] 
where we sum over the same eigenvalues as for the Coleman-Weinberg contribution. The negative sign in the integrand is for bosons while the positive sign is for fermions. The bosons also contribute to higher order "daisy" diagrams which can be resummed to give [18] 
Here, the first term should be interpreted as the i- 
Π s,a,s
Since only the longitudinal components of the gauge bosons contribute, n
Appendix B: Dark Matter Decay Rates.
When s = 0, the fermion χ can mix into Ψ 3 and Ψ 3 and decay via a W boson. When kinematically allowed, χ can also decay into components of Ψ 3 or Ψ 3 and a component of S 3 . We will denote the mass eigenstates of the charged fermions as Ψ + 1,2 , and we will make use of the functions
Taking y χ = y χ , we find the total decay rate to be Γ χ = g 2 sin 2 θ Γ V (W, ψ 
In these equations, n j χ denotes the number density of DM particles in a comoving momentum interval centred at a momentum p j , and n j,eq χ is the corresponding equilibrium abundance. We use 128 such intervals, covering the momentum range from 0 to 1000 TeV at T = 10 TeV. We have checked that increasing the momentum range or resolution does not alter our results. The DM energy density is obtained from n j χ according to ρ χ ≡ j E j n j χ , where
1/2 , and the energy density of SM particles is given by ρ SM = g * (π 2 /30)T 4 , with g * the effective number of SM degrees of freedom. The decay rate Γ depends on temperature through m s , m h and s , but is independent of momentum. The relativistic gamma factor is given by γ j = E j /m χ .
To solve eqs. (21) and (22) in practice, we make the substitution Y j ≡ n j /s, where s = g * (2π 2 /45)T 3 is the entropy density in SM degrees of freedom. We moreover need a relation between time t and temperature T . To find it, note thaṫ
The first term on the right hand side corresponds to energy injection into the SM plasma from DM decays, the second one corresponds to energy dissipation by redshifting. It follows that
